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In brief 

Guo et al. describe the first known 
articulated camenellan tommotiid, a 
group of enigmatic Cambrian animals 
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Camenellans were vagile armored 
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lophophorates (e.g., brachiopods), 
suggesting a motile last common 
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SUMMARY 


Among extant animals, Lophotrochozoa accounts for the majority of phyla.’ This bilaterian clade radiated 
rapidly during the Cambrian explosion, obfuscating its phylogenetic relationships and rendering many aspects 
of its early evolution uncertain. Many early lophotrochozoans are known only from isolated skeletal microfos- 
sils, “small shelly fossils,” often derived from larger animals with complex multi-element skeletons.” The dis- 
covery of articulated fossils has revealed surprising insights into the animals from which these skeletal pieces 
were derived, such as paired shells in the mollusc Halkieria.? Tommotiids are a key group of phosphatic early 
skeletal fossils that first appear in the late early Cambrian.*”° Although their affinities were previously obscure, 
discoveries of partial scleritomes and investigations of growth and microstructure® provide links with Brachio- 
poda”® and Phoronida,” two of the lophophorate phyla. By contrast, the body plan of camenellan tommotiids 
remains a palaeontological mystery, with hypothetical reconstructions representing motile, benthic, dorsally 
armored worms.*'° Here, we describe an articulated camenellan (Wufengella bengtsoni gen. et sp. nov.) 
from the Cambrian Chengjiang Biota, China, revealing the morphology of the scleritome and the first soft tis- 
sues from an adult tommotiid. Wufengella carries two dorsal rows of sclerites in a highly asymmetric arrange- 
ment, flanked by smaller, cap-shaped sclerites. The scleritome was fringed by iterated fascicles of chaetae 
and two layers of flattened lobes. Phylogenetic analysis confirms that camenellans occupy a deep branch 
in lophophorate phylogeny, prior to the acquisition of a sessile lifestyle. Wufengella reveals direct evidence 
for a metameric body plan reminiscent of annelids early in the evolutionary history of lophophorates.''"12 


RESULTS AND DISCUSSION 


Lophophorata Hyman 1959 
Order Tommotiida Missarzhevsky 1970 


Wufengella bengtsoni gen. et sp. nov. 

LSID 

urn:lsid:zoobank.org:act:2353549D-7775-40EB-8BD7- 
31439DA2D572. 

Holotype 

CJHMD00041, Nature Museum of Yunnan, Chengjiang, Yunnan, 
China. A single specimen as part (Figure 1A) and counterpart 
(Figure 1C), a composite mold of the scleritome with peripheral 
soft tissues (See also Figure S11). 


Locality 

Yu’anshan Member, Chiungchussu Formation, Cambrian Series 
2, Stage 3, Haikou, Kunming, Yunnan, China. '° 

Etymology 

For Wufeng Hill, Chengjiang. “Wufeng” means dancing/flying 
phoenix. The species name honors Stefan Bengtson. 
Diagnosis for genus and species 

Dorsal biseriate scleritome of successively overlapping and 
distinct left (sellate) and right (mitral) sclerites, with superim- 
posed smaller, dorsal, cap-shaped sclerites arranged in rows 
at the lateral margins of the scleritome. In each row, 12 sellate 
and 11 or 12 mitral sclerites are preserved. Sclerite surfaces 
bear growth lines and prominent, regular ribs, without visible 
radial ornamentation. Flat, rigid lobes flank the body—a longer 
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and narrower dorsal lobe and shorter and wider ventral lobe. 


Dorsally, between the scleritome and the lobes, are long capillary 
chaetae, bundled into fascicles, with some additional spinose 
chaetae. 

Description 

The anterior is inferred from posterior overlap of sclerites and 
lateral lobes as in other cataphract lophotrochozoans.°*''* The 
anterior-most region is missing, but the scleritome appears rela- 
tively complete, assuming equivalent tapering at both ends. The 
scleritome is 14.5 mm in length and 3.6 mm wide at the midbody. 
Exposed soft tissues extend the body to ~16 mm long and 
~11 mm wide. Sclerites are preserved as a mold that forms a 
depression on both part (Figure 2A) and counterpart (Figure 2B). 
Tomographic data reveal no additional sclerites within the sedi- 
ment, confirming a dorsal (rather than tubular) scleritome 
(Figures S2A-S2D), consistent with the taper observed anteriorly 
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Figure 1. Holotype specimen of Wufengella 
bengtsoni gen. et sp. nov. 

(A) Part, illuminated from the northwest. 

(B) Interpretative drawing of part, incorporating ob- 
servations from multiple lighting directions and 
fluorescence microscopy. 

(C) Counterpart, illuminated from the southwest 
(reverse lit) and flipped horizontally to facilitate 
comparison with the part. 

(D) Interpretative drawing of the counterpart, incor- 
porating observations from multiple lighting di- 
rections and fluorescence microscopy. Boxed re- 
gions show locations of details highlighted in 
Figure 2. 

Scale bars, 3 mm. 

See also Figure S1. 


and posteriorly and the bilaterally symmet- 
rical peripheral soft tissues (Figures S1B 
and S1D). The part preserves the series of 
mitral and sellate series (Figures 1A, 1B, 
2A, 2C-2F, and S3A-S3D), whereas the 
counterpart mainly preserves the superim- 
posed and smaller cap-shaped sclerites 
(Figures 1C, 1D, 2G, 2H, and S3E-S3H) 
and the apical regions of the mitral/sellate 
series (Figure 2B). Substantial overlap of 
sclerites obscures their original outlines, 
but compactional deformation allows their 
tracing (STAR Methods). Growth lines of 
sellate sclerites are deflected onto the 
ventral side on the posterior margin, sug- 
gestive of the shell margin doubling over 
as a duplicature (Figure 2D). 

Sclerites vary in shape along the ante- 
rior-posterior (AP) axis; their general 
appearance is summarized here based on 
the midbody (Figures S2F-S2H). Mitral 
and sellate sclerites are both in sinistral/L- 
form symmetry.* The posterior margin of 
sellate sclerites has a faint sella separating 
it into left and right lobes (Figures 2C and 
2D). The larger left lobe forms a prominent 
projection beneath the mitral and sellate sclerite anterior to it 
(Figures 2C-2F). Sellate sclerites have a steep left lateral margin, 
with the right lobe forming a less steep, laterally projecting slope, 
displacing the apex to the left (Figures 2C and 2D). Mitral scler- 
ites have a pointed, conical apex (Figures 3I-3L) with four distinct 
sides during growth. The accrescent and decrescent sides'° are 
wide and concave medially (Figures 2E and 2F). Apices of the 
sellate (Figures 3C and 3D) and cap-shaped sclerites 
(Figures 3G and 3H) are also conical. The smaller (~1.5 mm 
near the mid-length of the body), cap-shaped sclerites form 
irregular marginal rows superimposed onto dorsal surfaces of 
the mitral and sellate sclerites, only clearly visible on the counter- 
part (Figures 2G and 2H). 

All three sclerite types bear regularly spaced co-marginal ribs 
best seen on the part for the mitral and sellate sclerites 
(Figures 3C-3J). No other ornament is visible, except for fine 
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growth increments between the co-marginal ribs (Figures 3E and 
3F). Neither the obplicate nor plicate side exhibits radial folds 
(plicae) as in Camenelia.* The dorsal integument extended 
beyond the scleritome to form a margin between the sclerites, 
lobes described below, and the chaetal fascicles (Figures 2L 
and 2M). 

Chaetae are preserved as imprints or masses of weathered py- 
rite, sometimes delineating a single chaeta or few chaetae 
(Figures 2I-2M). Where pyritized, they can be readily identified 
using fluorescence microscopy (Figures 2J, 2K, and 2M). 
Chaetae occur on the dorsal surface as long, slender capillary 
forms emerging from fascicles that insert in the interface between 
two body lobes flanking the dorsal scleritome (Figures 2I-2k). 
There are additional and widespread shorter and stouter chaetae 
(Figures 2L, 2M, and 2P), as well as chaetae oriented perpendic- 
ular to the chaetal fascicles, likely arising from the dorsal integu- 
ment (e.g., Figures 2K, S1K, and S1L). The distance between the 
distal-most tips and from where the fascicles emerge on the dor- 
sal body suggests a length between 2.4 and 3.6 mm, with each 
capillary chaeta being less than 20 «um in width (more completely 
preserved chaetae are shown in Figure S1G). 

Two sets of seriated lobes, one short and the other long, proj- 
ect laterally from the body (Figures 1 and 2L—2P). The shorter set 
of lobes is ventral (Figures 2L-20) and relatively broad, whereas 
the longer, more slender lobes are dorsal and best exposed in 
the counterpart (Figure 2P). The lobes have a slight posterior 
overlap (Figure S1H), suggesting they were relatively flat in life 
(Figure 4B). The lobes project from the margin of the body ina 
consistent, approximately perpendicular orientation without 
evidence for bending, as if relatively rigid. Anterior and midbody 
lobes are similarly sized but become successively smaller pos- 
teriorly. The number of lateral lobes cannot be counted with con- 
fidence due to variable splitting and exposure but exceeds 16. 
The number of body lobe pairs seems to correspond to the num- 
ber of chaetal fascicles. 

Bayesian phylogenetic inference of 479 characters and 173 
taxa (STAR Methods; supplemental information) recovered 
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Wufengella bengtsoni as a stem group lophophorate, in a poly- 
tomy with other camenellan tommotiids, subtending a clade 
that contains Eccentrotheca, Paterimitra, and the extant lopho- 
phorate phyla (Figures 4D, S4, and S3l). There is substantial un- 
certainty regarding interrelationships of the brachiopod crown, 
with many unresolved nodes in the analysis without topological 
constraints. This is similar to some previous morphological ana- 
lyses of brachiopod interrelationships, particularly regarding 
whether or not inarticulates are a clade."° If Inarticulata is con- 
strained as monophyletic (as favored by recent molecular ana- 
lyses), relationships are better resolved (Figure S4B), with fossil 
brachiopods placed largely congruently with their taxonomic as- 
signments. These constraints do not impact the placement of 
Wufengella or other tommotiids. 

Lophotrochozoans with multi-element skeletons (scleri- 
tomes) are familiar components of early Palaeozoic fossil as- 
semblages. They encompass several phyla, including ma- 
chaeridian annelids,'*'’ sachitid molluscs, and tommotiid 
total group lophophorates.”'°:'® “Tommotiid” here refers to 
an informal grouping, including camenellans, eccentrotheci- 
morphs, and tannuolinids (following common usage’’*:'°), 
rather than to Tommotiidae. Most early scleritomous animals 
were originally known from isolated sclerites that offer limited 
insights into the organisms from which they were derived. For 
example, while Halkieria sclerites allowed for reconstruction as 
a cataphract, Wiwaxia-like animal? with multiple types of dor- 
sal sclerites, articulated Halkieria specimens revealed unex- 
pected sclerite arrangements and anterior and _ posterior 
shells. While articulated fossils are vital for testing models of 
scleritome arrangement, associated soft and non-bio- 
mineralized tissues are critical for understanding the phyloge- 
netic placement of early skeletal taxa. '4:'9:2° 

Tommotiids have long been allied to brachiopods based on 
similar microstructures and organo-phosphatic biomineralogy.° 
The scleritome construction of tommotiids was elusive until Mi- 
crina was reconstructed as bivalved and brachiopod-like’ and 
partial scleritomes showed that Eccentrotheca sclerites formed 


Figure 2. Morphology of the scleritome and serialized soft tissue structures in Wufengella bengtsoni gen. et sp. nov. 


(A-H) RTI extracts. 
(A) Part, detail of the scleritome using normal visualization. 


B) Counterpart, details of the scleritome using normal visualization (flipped horizontally for easier comparison with the part). 
C) Details of sclerites from the posterior portion of the midbody, specular enhancement. 
D) Same image as in (C) but with interpretative drawing of mitral sclerite. White arrowhead indicates the position of the sella and duplicature. 


E) Details of sclerites from the posterior portion of the midbody. 


G) Details of cap-shaped sclerites from the midbody region of the counterpart as shown in (B). 
H) Same image as in (G) with interpretative drawing of cap-shaped sclerites overlain. 
|) Chaetal fascicles and diffuse chaetae from the posterior region of the counterpart. 


( 
( 
( 
( 
(F) Same image as in (E) but with interpretative drawing of mitral sclerite. 
( 
( 
( 
( 


J) Identical region as in (I) with fluorescence microscopy. 


K) Region shown in (J) with overlain interpretative drawing highlighting chaetae; where individual chaetae can be delineated, they are shown in white, with the 


rajectory of chaetal fascicles shown in transparent red. 


L) Details showing lateral lobate soft tissues, dorsal integument, and spine-like chaetae. 


N 
O 


Details of small ventral lobes. 
Region as in (N) with interpretive overlay. 


( 
t 
( 
(M) Region as in (L) using fluorescence microscopy; dashed black line demarcates the extent of the dorsal integument. 
( 
( 
( 


P) Close up of dorsal lobes in the posterior region imaged using fluorescence microscopy. 
ac, acrescent side of mitral sclerite; ap, apex; cf, chaetal fascicle; ch, chaetae; dl, dorsal lobe; pl, plicate side of mitral sclerite; sl, sella; sp, spine; vl, ventral lobe. 
See Figure 1 for locations of detailed images. Spheres on RTI images indicate the position of lighting direction, and detailed RTI settings are in Table S2. Scale 


bars, 1 mm. 
See also Figure S2. 
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Figure 3. Sclerite ornament and growth characters of Wufengella bengtsoni gen. et sp. nov. 

All RTI extracts using specular enhancement images except (K and L) SEM backscatter images. Detailed RTI settings in 
(A and B) Part and counterpart respectively showing locations of details in other panels; (B) rotated to mirror (A). 

(C and D) Detail of apical regions of two sellate sclerites; co-marginal ribs indicated by arrowheads. 

(E and F) Detail of (C), showing growth lines between co-marginal ribs, marked by overlay in (F). 

(G and H) Details of a cap-shaped sclerite indicated in (B); arrowheads in (H) indicate co-marginal ribs. 

(I and J) Mitral sclerite indicated in (A), showing co-marginal ribs. 

(K and L) Mitral sclerite with well-preserved apex. ap, apex. 

Scale bars, 1mm except in (L) and 0.2 mm. 

See also 


a dwelling tube.” Paterimitra was morphologically intermediate phoronids have led to placement of these taxa in the lophopho- 
between those two, with two major basal sclerites flanked by rate crown, on the stem lineage of these two phyla,’ ~’ 
many smaller elements.’° These adaptations for a sessile although there have been few formal analyses of these 
mode of life and characters shared with either brachiopods or __relationships.~"’ 
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Figure 4. Comparison of sclerite morphology in Wufengella gen. et sp. nov. and other tommotiids, and phylogenetic position of tommotiids 


among lophotrochozoans 


(A) Technical reconstruction of Wufengella bengtsoni in dorsal view. Artwork by Elissa Sorojsrisom. 

(B) Artistic reconstruction of W. bengtsoni in anterior dorsolateral view. Artwork by Bob Nicholls. 

(C) Schematic diagrams of sclerite morphologies from across the diversity of tommotiids, exemplified by selected species. 

(D) Phylogeny of lophotrochozoans incorporating Wufengella and other tommotiids based on a morphological character matrix analyzed under the mki + gamma 
model, with topological constraints (STAR Methods); scale bar for branch lengths in expected number of substitutions per site; thumbnail images show the 
locations of sclerites (blue), chaetae and their homologs (orange), and the trajectory of the gut (red, inferred/surmised in some taxa). Full tree in Figure S4B. 


See also Figure S4. 


Camenellan tommotiids have been hypothesized to be vagile 
organisms with dorsal scleritomes.*:'*7° Their sclerites are more 
regular in morphology than the taxa discussed above, with asym- 
metrical sclerite types having left- and right-handed symmetry var- 
iants'°'° and bilateral morphs formed from early ontogenetic 
fusion in some genera. Reconstructions include a mixed biseriate 
to tetraseriate arrangement of sclerites on the dorsum in Dailya- 
tia,'° a biseriate scleritome,** or a more complex array of dorsal 
sclerites in Laoworthella.”° Articulated specimens have been lack- 
ing, except for a putative juvenile camenellan from Mongolia.”° 

The scleritome of Wufengella consists of asymmetrical, phos- 
phatic, serially repeated sclerites that grew continuously via ac- 
cretion, with a prominent ornament of regularly spaced ribs. 
These characteristics alone limit the early Palaeozoic sclerite- 
bearing taxa by which it can be compared to tommotiids and 
to a lesser extent machaeridians and sachitids. Machaeridian 
sclerites are also asymmetrical with prominent growth ribs, but 
they have a narrow attachment to their bodies, and new shell ma- 
terial accreted at a single accreting margin, whereas basal/inter- 
nal accretion is inferred from Wufengella, commencing from a 
prominent conical apex. Sclerites of machaeridians are calcitic 
rather than phosphatic. '* 
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The sclerite arrangements of sachitids (e.g., Halkieria) have 
been compared with reconstructions of camenellan tommo- 
tiids,°’ but the sclerites of Halkieria and related taxa grew toa 
finite size and were subsequently replaced during ontogeny,”° 
rather than showing continuous growth as in Wufengella. Com- 
parisons between Wufengella and halkieriids are therefore 
limited to the accretionary shells. Sachitids are considered to 
have had an aragonitic biomineralogy,”” and the shells of sachi- 
tids and Wufengella share no other characters. 

All the features that we have identified in Wufengella are pre- 
sent in tommotiids (or a subset thereof) or likely close relatives. 
Asymmetrical sclerites with a phosphatic mineralogy and sub- 
apical growth are common to all tommotiids except tannuoli- 
nids,’ which are bilaterally symmetrical and closely related to 
brachiopods.’ Calcareous mineralogy was potentially present 
in some taxa°° and also in Trachyplax arctica, a problematic 
taxon with proposed multiplacophoran (stem polyplacophoran) 
affinity?’ but which is also similar to kennardiid tommotiids, 
sharing similar surface ornaments, plicae, and a range of sclerite 
morphologies, including bilaterally symmetrical types. 

Pointed sclerite apices, a prominent, concentric ornament of 
co-marginal ribs, and two clearly differentiated asymmetrical 
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sclerite morphs (sellate and mitral sclerites, i.e., forms B and C, 
respectively, in Dailyatia'°) are shared exclusively with camenel- 
lans. Wufengella has a superficial resemblance to the eccentro- 
thecid Sunnaginia,** which can exhibit S-shaped sclerites but 
otherwise lacks two distinct asymmetrical sclerite types and 
co-marginal ribs, and grows instead by non-uniform deposition 
of layers beneath an irregular apical surface as in other eccentro- 
thecids (Figure S3l). Sunnaginia has a unimembrate scleritome 
that forms a morphological continuum between two end 
members.°* 

One genus, Camenella (=Tommotia), belongs to Tommotii- 
dae, '° while two other families (Lapworthellidae and Kennardii- 
dae) are considered closely related and together are informally 
referred to as “camenellans.”'° Lapworthellids have a single 
asymmetric and symmetric sclerite morph, whereas kennardiids 
have two asymmetric morphs along with a third symmetric mor- 
photype (Figure S3l). Both symmetric morphs exhibit multiple 
(two'”** or more’°) apices, indicative of their derivation from a 
fusion of multiple sclerites.°* 

Wufengella lacks bilaterally symmetrical sclerites, therefore 
limiting its close resemblance to certain species of Camenella. 
In Wufengella and Camenella the mitral sclerite has four distinct 
sides, but Wufengella lacks plicae. In both genera, the sellate 
morphotype forms two lateral lobes often separated by a 
concave groove (sella), and the posterior margin deflects 
ventrally to form a duplicature. Wufengella possesses smaller, 
asymmetrical cap-shaped sclerites superimposed dorsally, 
which are unknown in Camenella. 

Moldic preservation of the scleritome as a negative impression 
in both part and counterpart suggests a recalcitrant bio- 
mineralogy. While calcium phosphate is occasionally preserved 
in some inarticulate brachiopods in Chengjiang, moldic preser- 
vation due to late dissolution weathering after compaction and 
lithification is observed variably in brachiopods and some or- 
gano-phosphatic ecdysozoans.**** Calcium carbonate skele- 
tons preserve as complementary imprints in the part and coun- 
terpart due to demineralisation before compaction and 
lithification. Thus, Wufengella is interpreted as originally phos- 
phatic. Elemental maps of the scleritome show enrichment in 
phosphorus (P), compared with the peripheral soft tissues (Fig- 
ure S3E), although the correspondence between P and Fe 
maps (rather than Ca) could signal weathering into vivianite 
instead of original mineralogy. Tommotiids are largely restricted 
to shallow water environments within carbonate platform, small 
shelly fossil windows.'° Occurrence of a camenellan in a 
deeper-water siliclastic Burgess Shale-type deposit, as reported 
here, is likely allochthonous. 

Our discovery supports earlier hypotheses derived from iso- 
lated sclerites that camenellans possessed a dorsal scleri- 
tome on a metameric, vermiform animal.* However, these in- 
ferences were partly based on similarities to the scleritome 
arrangement of plumulitid machaeridians,* now known to 
be annelids.'*:'’ Left and right symmetrical morphs of both 
the mitral and sellate sclerite prompted speculations of 
a tetraseriate scleritome,* while the discovery of a third 
sclerite type with bilateral symmetry in Lapworthella and ken- 
nardiids underpinned reconstructions with a tetra/triseriate 
scleritome'° or a biserial scleritome in Lapworthella interca- 
lated with single symmetric plates.** 
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The description of putative camenellan juveniles*° revealed a 
uniseriate arrangement of pointed sclerite primordia, with a 
cellular ornamentation identical to that of co-occurring Came- 
nella mongolica, surrounded by smaller sclerite primordia of 
accessory sclerites. The reconstruction proposed a medial row 
composed of a symmetric sclerite yet unknown in Camenelia, 
while asymmetric sclerites flank the body.”° Based on our scler- 
itome, we instead suggest that the mitral and sellate sclerites 
successively overlap each other and are on successive body 
units that become displaced laterally during growth. This asym- 
metry results from accommodating rigid sclerites as the body 
grows, similarly to offsetting the symmetry of certain machaeri- 
dians®° where the plates overlap and enclose the body. Periph- 
eral sclerites in Camenella mongolica may correspond to the 
cap-shaped sclerites described here (Figures 2G and 2H). These 
smaller sclerites are unknown in most camenellan species, but 
are at least in Canadiella filigrana, where they were interpreted 
as juvenile sclerites despite lacking a pointed apex.°° 

Camenellan microfossil assemblages are generally found with 
mitrals and sellates having both left and right symmetry, whereas 
our specimen possesses only one symmetry morph (L-form). 
Bengtson‘* notes that the unbalanced proportions of symmetry 
forms could be evidence of the organism being biseriate and 
asymmetrical with frequent reversals in left-right symmetry in in- 
dividual organisms. Our discovery favors this hypothesis but 
needs corroboration through the discovery of additional articu- 
lated scleritomes. Symmetry reversals are seen in other asym- 
metrical skeletal fossils, e.g., polychaete jaws,°’ albeit with a 
much smaller frequency than required for tommotiids. 

Understanding tommotiid affinities is crucial for unravelling the 
origin of the lophophorate phyla, and their sclerite architectures 
have generated debate over the assembly of the brachiopod and 
phoronid body plans.° °:7'°° Two major divisions of tommotiid- 
like sclerites have been identified, the camenellans and 
eccentrothecimorphs + tannuolinids.°° These morphogroups 
are likely paraphyletic,*° with the latter group having a body 
that was enclosed by sclerites and a sessile, filter-feeding 
mode of life shared with extant lophophorates, based on partially 
complete specimens®*° and inferred scleritome reconstruc- 
tions.”° Shell ultrastructure supports a close relationship be- 
tween the groups with bivalved scleritomes and brachiopods, 
such as shell-penetrating setal pores and acrotretoid columns 
in the tommotiid Micrina and early brachiopods like Mickwit- 
zia.°*' The tubular body plan of Eccentrotheca has instead 
been likened to that of phoronids, although a bivalved arrange- 
ment occurs in combination with a tubular configuration of scler- 
ites in Paterimitra.® 

Although the phylogenetic position of Bryozoa has previ- 
ously been highly uncertain, phylogenomic analyses now 
often show that together with Phoronida and Brachiopoda 
they belong to Lophophorata.**-*° The monophyly of this 
group combined with detailed anatomical studies''“°*” sug- 
gests their last common ancestor was a sessile, lopho- 
phore-bearing suspension feeder. This contrasts with the 
body plan observed in Wufengella, which we infer was motile, 
similarly to that of early representatives of close relatives of lo- 
phophorates, such as annelids and molluscs.”° This body plan 
is consistent with a phylogenetic position outside the lopho- 
phorate crown group and thus sheds light on the deep 
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ancestry of this sessile, filter-feeding clade. Hypotheses 
involving lophotrochozoans being primitively sessile with 
U-shaped guts*® are not supported. 

Lophophorates are variably recovered as the sister taxon of 
one or more phyla, including annelids, nemerteans, or gastro- 
trichs.“*-*° Morphological studies have noted similarities be- 
tween lophophorates and annelids, including chaetae secreted 
by microvilli; paired, metameric coelomic compartments; and a 
similar metanephridial architecture. ''"'* Our phylogeny, depict- 
ing annelids and lophophorates as sister taxa, is consistent 
with homology of these features. Whereas adult brachiopods 
have mantle chaetae projecting from the aperture, larval brachio- 
pods exhibit paired and sometimes serially repeated chaetae on 
the dorsal surface, *? reminiscent of the condition in Wufengella. 
Seriation along the AP axis in Wufengella involves sclerites, 
chaetal fascicles, and lobes, and it is integrated to the extent 
that it can be regarded as metamerism. If involved in sclerite for- 
mation, it is likely that the integument of Wufengella is homolo- 
gous with the mantle of extant brachiopods. 

The discovery that camenellans were vermiform, metameric, 
chaetae-bearing animals corroborates historical hypotheses 
based on isolated microfossils* as well as hypothesized anatom- 
ical links between annelids and brachiopods. '*"°° The body plan 
of Wufengella deviates from hypothetical intermediates between 
brachiopods and annelids, however, ''’'? notably in the arrange- 
ment of soft tissues but also the presence of an asymmetrical, 
phosphatic scleritome. The arrangement of the sclerites in Wu- 
fengella also deviates from previous reconstructions based on 
microfossils alone, mirroring insights provided by articulated 
specimens of Halkieria.° Although Halkieria and related fossils 
(e.g., Wiwaxia) were previously argued to bridge the gap be- 
tween the body plans of annelids, brachiopods, and molluscs,” 
subsequent discoveries aligned them to the molluscan stem and 
crown group.”° Aspects of the halkieriid body plan may reflect 
characters primitively shared by molluscs, annelids, and lopho- 
phorates (e.g., being vermiform, with chaetae and seriated organ 
systems). Nevertheless, the hypothesis that brachiopods (and 
other lophophorates) are derived from armored, vermiform ani- 
mals finds new support here —but via a lophophorate stem line- 
age populated by tommotiids rather than halkieriids. 
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STAR* METHODS 
KEY RESOURCES TABLE 
REAGENT or RESOURCE SOURCE IDENTIFIER 
Deposited data 
Morphological character matrix in This study Data S2 
NEXUS format 
RTI datasets This study Archived at https://doi.org/10.5523/bris. 104kiwed7uerv2bi7xyihwwifw 
CT datasets This study Archived at https://doi.org/10.5523/bris.104kiwed7uerv2bi7xyihwwjfw 
Software and algorithms 
MrBayes 3.2.6 Hou et al.° http://nbisweden.github.io/MrBayes/ 
RTI Viewer CNR-ISTI Visual Computing lab http://vcg. isti.cnr.it/rti/rtiviewer.php 
Other 
Wufengella bengtsoni specimen Nature Museum of Yunnan, CJHMD00041 
Chengjiang 
RESOURCE AVAILABILITY 


Lead contact 
Requests related to fossil specimens should be directed to P.C. (Cong@ynu.edu.cn). All other requests can be directed to L.A.P. 
(luke. parry@seh.ox.ac.uk). 


Materials availability 
The single nearly complete specimen is deposited at the Nature Museum of Yunnan, Chengjiang, Yunnan, China with the registration 
number CJHMD00041. 

All data analysed in this paper are available as part of the Report, Figures S1-—S4, in the supplemental information or as part of a 
data repository hosted by the University of Bristol which includes RTI datasets, raw CT datasets and full resolution SEM and light 
photo micrographs are available at the following repository https://doi.org/10.5523/bris.104kiwed7uerv2bi/xyihwwifw. 


Data and code availability 
The matrix used for the phylogenetic analysis is available as a nexus file on the online repository https://doi.org/10.5523/pbris. 
104kiwed7uerv2bi7xyihwwifw. 

The parameters used for the phylogenetic analysis are described in the STAR Methods section below. The commands necessary 
to execute the phylogenetic analyses are included in Data S3. 


EXPERIMENTAL MODEL AND SUBJECT DETAILS 


The single nearly complete specimen was collected from the middle-upper part of the Yu’anshan Member, Chiungchussu Formation, 
Cambrian Series 2, Stage 3, ina section of Haikou, Kunming, Southwest China.°* The specimens are preserved together with several 
small myllokunmingiid chordates that were recently reported as a mass gathering in the same beds. '* 

The fossil was deposited at the Nature Museum of Yunnan, Chengjiang, Yunnan, China with the registration number CJHMD00041. 


METHOD DETAILS 


Photographs from multiple lighting directions, reflectance transformation images, SEM images, and camera lucida drawings were 
combined to trace sclerite margins, growth lines and ornament (Figures 2, S2F—S2H, and S3). 

SEM images were obtained with a FEI Quanta 650 FEG at working distances of 13.8-16.2 mm, with an accelerating voltage of 15 kv. 
The specimen was not coated prior to analysis. Composite SEM images were assembled using Adobe Photoshop. Fluorescence 
images were taken with a Leica DFC7000 digital camera mounted on a Leica M205 FA fluorescence microscope. Energy Dispersive 
X-ray Spectrometry (SEM EDX) of the scleritome and peripheral soft tissue was performed with a Hitachi S-3500N with a Thermo 
Noran energy dispersive spectrometer. CT scans were produced with a Zeiss Xradia 520 Versa at YKLP. 

Details of the camera, lenses and number of images used to produce the reflectance transformation image (RTI) files are given in 
Table S1 and details of the settings used to generate the images in individual figure panels are detailed in Table S2. 
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QUANTIFICATION AND STATISTICAL ANALYSIS 


Phylogenetic analyses made use of existing datasets for annelids, molluscs and brachiopods '”°°?*°° that were supplemented with 
additional data for tommotiids, including the novel observations of Wufengella made herein. Phylogenetic analyses were performed 
in MrBayes 3.2.7.°* 10,000,000 generations were requested, with analyses automatically stopped when the standard deviation of 
split frequencies was <0.01. Convergence was assessed using the ESS (>200) and PSRF (~1.0) reported by the sump command 
in MrBayes. One analysis (Figure S4A) used the default priors on all parameters (e.g. all topologies have equal prior probability) 
and a second analysis (Figure S4B) used a soft constraint on annelid internal relationships as employed previously®® (Figure 4D) 
as well as a monophyly constraint on the brachiopod node Inarticulata.°° All analyses used the mki + gamma model.°° 
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Figure S1. Details of the scleritome and soft tissues in Wufengella bengtsoni gen. et sp. nov., related to Figure 
1. 

(A) Part, whole specimen with low-angle illumination from north-northwest. 

(B) Composite fluorescence microscopy image of part. 

(C) Counterpart, whole specimens with low-angle illumination from southwest. 

(D) Composite fluorescence microscopy image of counterpart. 

(E) Closeup of part, overlain dashed line shows the extent of the dorsal integument beyond the scleritome. 

(F) Closeup of counterpart, overlain dashed line shows the extent of the dorsal integument beyond the 
scleritome. 

(G) Closeup of long chaetae in the posterior region. 

(H) Closeup of ventral lobes in the anterior region. 

(1) Detail of larger dorsal lobes. 

(J) Same region as in | with interpretative drawing overlain. 

(K) Closeup of chaetal fascicles in the anterior region, imaged fluorescence microscopy. 

(L) Closeup of chaetae in the anterior region imaged with fluorescence microscopy. 

Abbreviations: ch — chaetae, dl — dorsal lobes, vl — ventral lobes. Scale bars 1 mm. 
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Figure $2. Computed tomographic scans, elemental maps and detailed RTI images of the scleritome of 
Wufengella bengtsoni gen. et sp. nov., related to Figure 2. 
(A-B) CT scans of part from central and posterior regions of scleritome, respectively, demonstrating absence of 
additional elements of the scleritome within the rock matrix. 
(C—D) CT scans of counterpart from central and posterior regions of scleritome, respectively. Circles in A—D 
indicates lateral margins of scleritome, demonstrating absence of additional elements of the scleritome within 
the rock matrix. 
(E) SEM EDX maps of anterior region of scleritome (third mitral sclerite) in part. Top left, backscatter image; 
maps of phosphorus, iron, aluminium, calcium and silicon. Abbreviations: scl —scleritome; Ist —lobate soft tissue. 
Scale bar 0.25 mm. 
(F-H) Details of the scleritome. All images are taken from the same region of the scleritome, indicated in Figure 
$3A; detailed RTI settings in Table $1. Scale bar 1 mm. 
(F) RTI extracts using specular enhancement and illumination from different directions, as indicated in the right- 
hand corner of each panel (see Table $1). 
(G) Composite image of the same region as F based ona series of images with different illumination angle that 
are stacked and auto-blended in Photoshop. 


(H) Composite electron microscopy image. 
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Figure S3. Morphology of the scleritome of Wufengella bengtsoni gen. et sp. nov. and summary of sclerite 
characters in selected tommotiid genera, related to Figure 3. 

(A—D) Part, (E—H) counterpart, flipped horizontally for comparison with part. Scale bars 1 mm. 

(A) Closeup of whole scleritome, dashed boxed region shows location of details in Figures S2F—H. 

(B) Same region as in A with interpretative drawing of sellate sclerites overlain. 

(C) Same region as in A with interpretative drawing of mitral sclerites overlain. 

(D) Composite secondary electron scanning electron microscopy image, the contrast inverted to mimic the 
location of the shadows as seen in A-C. 

(E) Closeup of whole scleritome. 

(F) Same region as in E with interpretative drawing of mitral and sellate sclerites overlain. 

(G) same region as in E with interpretative drawing of cap-shaped accessory sclerites overlain. 

(H) Composite secondary electron scanning electron microscopy image. 

(I) Relevant scleritome characters and their distribution in Wufengella bengtsoni, camenellans and 
“eccentrothecimorphs” 
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Figure S4. Additional results of phylogenetic analyses, related to Figure 4. 

(A) Full results of the unconstrained phylogenetic analyses. 

(B) Full results of phylogenetic analyses using a topological constraints for annelids (See STAR methods). 

Both analyses carried out under the mki + gamma model. Numbers at nodes are posterior probabilities 
expressed as percentages and the scalebar is in units of expected number of substitutions per site. 


File 


Camera 


Lense 


Number of 
photographs 


Notes 


CJHMD 00041a overview 


Canon EOS 5DS 


Canon MP-E 65 mm 


42 


CJHMD 00041b overview 
(flipped horizontal) 


Canon EOS 5DS 


Canon MP-E 65 mm 


42 


Original images 
flipped, rotated and 
scaled to match the 
orientation of the 
dataset used to 
compute the 'CJHMD 
00041a overview' 
file 


CJHMD 00041a close-up 


Canon EOS 5DS 


Canon MP-E 65 mm 


42 +42 


The used set of 42 
images was derived 
from two RTI 
acquisitions, with 
each pair of images 
of the same rank in 
the sequence being 
focus-stacked; 
rotated and scaled 
so that datasets used 
to compute this file 
and the 'CJHMD 
00041b close-up 
(flipped horizontal)’ 
file would have the 
same orientation 


CJHMD 00041b close-up 
(flipped horizontal) 


Canon EOS 5DS 


Canon MP-E 65 mm 


42 


Original images 
flipped, rotated and 
scaled so that 
datasets used to 
compute this file and 
the 'CJHMD 00041a 
close-up' would have 
the same orientation 


CJHMD 00041b overview 
large (flipped horizontal) 


Canon EOS 5DS 


Canon MP-E 65 mm 


48 


Table $1. Details of RTI datasets and capture and processing settings, related to STAR 
Methods. Details of camera equipment, acquisition and post processing. 


Figure Item File Rendering Light source Specular Enhancement settings 
mode coordinates 
x y Diffuse Specularity Highlight 
color Size 
Fig. 2 A CJHMD 00041a Normals na na na na na 
overview visualization 
B CJHMD 00041b | Normals na na na na na 
overview visualization 
(flipped 
horizontal) 
c,D CJHMD 00041a | Specular 0.28 -0.66 | 0 40 55 
overview Enhancement 
E,F CJHMD 00041a | Specular -0.39 | 0.23 0 40 55 
overview Enhancement 
G,H CJHMD 00041b | Specular -0.23 | 0.60 0 40 55 
overview Enhancement 
(flipped 
horizontal) 
Figure A CJHMD 00041a | Specular -0.73 0.20 0 40 20 
3 overview Enhancement 
C,D CJHMD 00041a_ | Specular -0.70 0.39 0 65 45 
overview Enhancement 
E,F CJHMD 00041a_ | Specular 0.27 0.18 0 50 95 
overview Enhancement 
LJ CJHMD 00041a_ | Specular -0.54 0.38 0 55 55 
overview Enhancement 
B CJHMD 00041b | Specular 0.53 -0.84 | 0 95 5 
overview Enhancement 
(flipped 
horizontal) 
G,H CJHMD 00041b | Specular -0.22 | 0.82 0) 45 45 
overview Enhancement 
(flipped 
horizontal) 
Figure F (upper | CJHMD00041a | Specular -0.50 0.50 0 45 25 
S2 left overview Enhancement 
item) 
F(upper | CJHMD00041a | Specular 0.45 0.45 0 45 25 
right overview Enhancement 
item) 
F (lower | CJHMD00041a | Specular -0.60 | -0.60 | 0 45 25 
left overview Enhancement 
item) 
F(lower CJHMD 00041a_ | Specular 0.60 -0.60 | 0 45 25 
right overview Enhancement 
item) 


Table S2. RTI Extract Settings, related to STAR Methods. RTI settings used to generate panels 
in the main text and Supplementary Figures 


